In this study, integrated pretreatments and aerobic digestion processes were investigated in order to provide a feasible alternative that can achieve effective sludge reduction. An ozone treatment in the presence of ionic manganese, a catalyst, increased the sludge reduction ratio three times higher than that of a single ozonation, presumably due to an increase in OH radical production. The ozone treatment yielded the effective sludge reduction ratio with an increasing ozone dosage, and an effective dosage of the catalyst was found to be 4 mg-Mn/g-TS.
Introduction
In Korea, approximately 2.26 million tons of waste sludge were produced from more than 240 wastewater treatment plants in 2003. The amount has been increasing steadily over the past years. The disposal of waste sludge mainly relied on conventional end-ofpipe methods such as landfill and ocean pumping. However, such applications are expected to be unfeasible because of intensified regulations. As a result, the disposal of waste sludge has become a great environmental concern. New technologies based on source control methods that can lead to the reduction of the actual quantities of solids are likely to draw more research interests.
A conventional treatment to reduce the volume of sludge is the aerobic digestion process; however, due to the complicated, non-homogeneous nature of sludge, it takes long to disintegrate and to use the sludge as a substrate to other microorganisms in aerobic digesters. Therefore, the aerobic digesters commonly require long retention times to meet sludge reduction efficiencies as well as large construction costs. In order to maximize the reduction efficiency in digesters, solids contained in sludge need to be converted to readily degradable substances using pretreatments including physical and chemical methods.
A mechanical pretreatment is one of the physical methods, which can break down the complicated structure of sludge by applying high pressures, centrifugal forces or shear stress (Müller, 2001) . The solid reduction efficiency can increase as a function of intensity doi: 10.2166/wst. 2006.228 of forces applied to the sludge matrix. These mechanical pretreatments have many merits such as no byproduct productions, minimal impacts on other processes in the downstream and small energy requirements comparative to ultrasonic or heat treatments. However, it is not easy to determine optimal operating conditions since many factors including sludge density, integrity and water contents have a substantial impact on the efficiencies.
Chemical treatments using strong oxidants have the potential to reduce the quantity of solids in sludge and to enhance the degradability of treated solids. Ozone, one of the strong oxidants, can achieve a partial destruction of solids in waste sludge, resulting in an increase of biodegradability (Weemaes et al., 2000) . Recently, the ozone treatments in the presence of metallic catalysts have proven to be more effective than those without catalysts (Ma and Graham, 2000) . The catalysts can increase the overall oxidation ability with an increasing OH radical production rate, while the oxidation potential can be maintained even at low pH conditions. As shown in the proposed chemical reactions below, in the presence of the manganese catalyst, O 3 is converted to radicals such as O 2 2 z and HO 2 z; and these radicals can promote the production of OH radicals in the chain reaction (Staehelin and Hoigné, 1985; Heising et al., 1997) . Furthermore, those oxidised metals can be used to oxidise organic compounds in electron transfer reactions (Nowell and Hoigné, 1987; Heisig et al., 1997; Legube and Leitner, 1999) .
MnðIIIÞ þ M ! MnðIIÞ þ MðoxideÞ ð 4Þ
Many studies have demonstrated the efficacy of ozone/catalyst reactions for waste treatment processes. Pintra and Levee (1992) showed that the ozone oxidation along with zirconium oxide, copper oxide and alumina actually improved the degradation rate of phenol and benzene in the aqueous phase. The concentration of total organic carbon also decreased more rapidly in an ozone oxidation process in the presence of Mn 2 þ (E 0 ¼ 21.185 V), Fe 2 þ (E 0 ¼ 20.44 V), Ni 2 þ (E 0 ¼ 20.257 V), and Co 2 þ (E 0 ¼ 20.28 V) as catalysts than that treated by ozone alone (Hewes and Davinson, 1972) . Nevertheless, most studies on the ozone/catalyst processes have focused on the degradation of specific toxic compounds, and only a few have applied to the degradation of sludge. In this study, an integrated process consisting of a mechanical pretreatment and an ozone/catalyst reaction was investigated to obtain an insight into the effectiveness of the integrated process, when applying to actual waste sludge. In addition, the effects of the integrated process on the bioavailability and dewatering ability were also determined.
Materials and methods

Sludge
Concentrated sludge obtained from a wastewater treatment plant (Suwon, Korea) was used in this study. The concentrated sludge was sieved to remove sands and large particles, and then stored in a refrigerator until used. Table 1 below shows the characteristics of the sludge. Mechanical pretreatment. The mechanical pretreatment was performed using a homogenizer (T25 Basic, IKA Co.). A preliminary test showed that a rotational speed at 22,000 rpm was effective for the sludge; therefore, only treatment time was modified in this study.
Ozone/catalyst oxidation. Ozone was produced using an ozone generator (LAB2B, Trigon) and a gas stream containing 95% oxygen. It was then introduced to the bottom of a column reactor with an internal diameter of 6.4 cm and a height of 42 cm. The quantity of ozone introduced to the reactor was measured using a KI contact method. A manganese ion (Kanto Chemical, Japan) was used as a metallic catalyst for the ozone oxidation reaction, and the amount of the catalyst added to the reactor was varied based on the solid concentration of the sludge.
Aerobic digestion. A batch-type reactor (working volume of 2.8 L) was used for the aerobic digestion ( Figure 1 ). The air stream at a rate of 0.2 L/min, was supplied to the bottom of the reactor, and the dissolved oxygen (DO) was maintained in a range of 0.5-1.5 mg/L measured using a DO meter (225D, Istek, Korea). The temperature was also maintained at 308C.
Overall performance tests. Five different combinations of pretreatment processes were applied and their effects on the following aerobic digestion process were determined as shown in Table 2 .
Dewatering ability assessment. The effect of the sludge treatments on the dewatering ability was tested by capillary suction time (CST) measurements using a CST meter (Type 304B, Triton Electronics, UK).
Analytical methods
Sludge samples were tested for the total solid (TS), volatile solid (VS), total suspended solid (TSS) and volatile suspended solid (VSS) by the gravimetric method in accordance with Standard Methods. The chemical oxygen demand (COD) was measured according to the closed reflux, colorimetric method using a water analyser (HS 3100, Humas, Korea). 
Results and discussion
Ozone oxidation in the presence of the metallic catalyst
The effect of the manganese catalyst was determined by calculating the ratio of sludge reduced to the ozone supplied as a function of the amount of catalyst added ( Figure 2 ). As the amount of catalyst increased, the quantity of destructed sludge increased proportionally. At the manganese concentration of 4 mg/g-TS, the sludge reduction ratio in terms of TSS increased approximately three times than that without the catalyst addition. The increase in sludge reduction implies that the manganese catalyst can enhance the OH radical production; these radicals are known to be the strongest, leading to a high oxidation status. Consequently, the ozone/catalyst process is more advantageous over the ozone oxidation alone with respect to the overall sludge reduction efficiency. Therefore, less ozone is required to achieve the effective sludge reduction in the presence of manganese catalyst. However, at manganese dosages greater than 4 mg-Mn/g-TS, there were no substantial increases in the quantity of destructed sludge. This result indicates that the appropriate manganese addition can significantly improve the sludge reduction efficiency. Hence, the manganese concentration of 2 mg/g-TS can be considered as a proper dosage in terms of sludge reduction per manganese added.
Disintegration ratio
The main purpose of pretreatment processes is to increase readily biodegradable substances that are easily available to microorganisms in the following aerobic digesters. Hence, it is important to assess the change in disintegrity of sludge after treatment processes, and a disintegration ratio can be used as a measure of the bioavailability.
where, subscripts T and O denote treated and untreated sludge, respectively. The disintegration ratio above is different from the expression commonly used as a simple ratio of SCOD to TCOD. Since some organic fraction of sludge can be converted to gaseous compounds and released from the aqueous phase during pretreatments such as ozone and ultrasonic processes, it is believed that both the increase in SCOD and the decrease in TCOD should be taken into account for the assessment of sludge disintegration. Figure 3 illustrates the effect of pretreatments on the disintegration ratio. The loss of total organic contents (i.e. the decrease in TCOD) in the mechanical pretreatment was very low, and the process yielded low disintegration ratios than ozone/catalyst treatments did. The efficiency of the mechanical pretreatments varies to an extent depending on the method used and the power transferred. For instance, Müller (2001) reported that a degree of sludge disintegration in a mechanical treatment using a stirred ball mill was in a range of 5-38%, which is comparable to the results obtained in this study. The combination of the mechanical and ozone treatment showed the highest organic destruction. This finding implies that the mechanical pretreatment damaged the sludge structure and reduced the size of sludge flocs. It indicates that ozone applied in the following step could attack the complicated structure of sludge more effectively.
Effect of pretreatments on aerobic digestion process
During the aerobic digestion, changes in solid content were monitored through time for each run (refer to Table 2 for the experimental design). As shown in Figure 4 , the solid reduction ratio declined almost at the same rate in Run 1 (no pretreatment applied) and Runs 2 and 5 (the mechanical pretreatment performed prior to the aerobic digestion). In contrast, Runs 3 and 4, where the ozone pretreatments were applied first, showed enhanced solid reduction rates during the aerobic digestion process. Especially, the integrated pretreatment process (mechanical pretreatment and ozonation, Run 4) was found to be the most effective, since it can break down the complicated, non-homogenous structure of sludge and provide readily degradable organic contents to the aerobic digestion in the following step. Figure 5 shows the TSS reduction ratio at each run. The highest TSS reduction was observed when the sludge was pretreated with the mechanical method with ozonation (Run 4). In Run 4, the pretreatment time was shorter (20 min) than that of Run 2 (40 min), and the applied ozone level was lower (0.08 mg-O 3 /g-TS) than that of Run 3 (0.16 mg-O 3 /g-TS). However, the efficiency of the integrated pretreatments was much higher than that of each pretreatment applied alone (Run 2 or Run 3). It was interesting to note that, in Run 5 where the ozonation was applied as a post-treatment, the overall solid reduction was not substantially improved, presumably due to a decrease in easily degradable organic contents.
Changes in dewaterability
The dewatering ability is one of the important factors in sludge treatment, because the final volume and water content have great impacts on overall costs and handling efficiencies. The dewatering ability was measured using the CST method for each run tested in this study. Table 3 summarises CSTs and the final water content determined in each run of the tested combinations. The mechanical pretreatment dramatically increased the CST (i.e. worse the dewaterability), because it is believed that the mechanical pretreatment simply broke down the solid particles into smaller ones. The ozonation itself also increased the CSTs, which was similar to the experimental results reported by Müller et al. (1998) who showed that the number of fine particles and the corresponding turbidity increased significantly during the ozone treatment, resulting in an increase in CST due to the clogging in the filter materials.
The experimental results herein demonstrated that the ozonation either as a pretreatment (Run 4) or as a post-treatment (Run 5), improved the dewatering ability. In Run 4, the integrated pretreatment process increased the CST, but the value dropped after the aerobic digestion, yielding the lowest CST. This result indicates that small particles produced during the pretreatment steps were readily degradable and removed during the aerobic digestion.
Overall performance
Both TSS reduction and the decrease in water content need to be taken into account for the determination of the overall sludge cake reduction. In this study, in order to better quantify the overall performance of integrated treatment processes, a novel index, a ratio of sludge cake generation was introduced. The ratio can be used as an estimate for the quantity of sludge cake for the final disposal, because the index represents the ratio of total volume reduction and mass changes before and after sludge treatments.
Ratio of sludge cake generationð%Þ
where TSS O is the TSS of the raw sludge (mg/L), TSS T is the TSS of the treated sludge (mg/L), W 0 (%) is the water content of the raw sludge, and W T (%) is the water content of the dewatered sludge. As shown in Table 4 , the ratio of sludge cake generation was the smallest in Run 4, indicating the large reduction in the total mass and volume of the treated sludge. Furthermore, the index shows that the final quantity of sludge in Run 4 was approximately half of that obtained using the aerobic digestion only (Run 1). In this study, the integrated pretreatment (mechanical and ozonation pretreatment) followed by the aerobic digestion (Run 4) provides an optimal condition for the sludge treatment due both to the high TSS reduction ratio and to the high dewaterability of the treated sludge.
Conclusions
The main objective of this study was to investigate the feasibility of integrated pretreatments and aerobic digestion processes for the effective reduction of sludge cake. The key observations and conclusions that can be drawn from this study are given below. 1. As the catalyst, the manganese ion in the ozone oxidation process improved the TSS reduction effectively, presumably due to a high production of OH radical in the presence of the catalyst. The manganese concentration of 4 mg/g-TS was found to be an optimal dosage when TS was 2%. 2. The longer mechanical pretreatment and the higher ozone dosage increased the disintegration ratio used as a measure of the bioavailability, in compliance with the general expectation. In contrast, when both pretreatment was combined at half of the mechanical treatment time (20 min) and half of the ozone dosage (0.08 mg-O 3 /g-TS), the integrated pretreatment showed a higher disintegration ratio than that observed in each single pretreatment. This finding implies that the mechanical pretreatment reduced the size of sludge flocs, and the ozone applied in the next step had more chance to access to the pretreated sludge. 3. The ozonation improved the dewatering ability when it was combined with the aerobic digestion, because small particles produced during the ozonation step were readily degradable and removed during the aerobic digestion. 4. The novel index, the ratio of sludge cake generation, was introduced to estimate the quantity of final volume of treated sludge. Based on the calculated index, it is found that the integrated pretreatment (mechanical pretreatment and ozonation) followed by the aerobic digestion was an optimal combination to achieve effective sludge cake reduction, due both to the high TSS reduction ratio and to the high dewaterability of the treated sludge. In addition, the result suggests that the index is a useful tool to measure overall efficiencies of any processes applied to treat waste sludge.
